This study was undertaken to investigate the synergistic interaction between amphotericin B (AmB) and acteoside, isolated from the aerial parts of the shrub Colebrookea oppositifolia (Lamiaceae). Acteoside alone exhibited no intrinsic antifungal activity but showed a potent synergism in combination with AmB against selected pathogenic species, with fractional inhibitory concentration indices in the range of 0.0312-0.1562. The combination of acteoside at 3.12 and 12.5 mg ml -1 with subinhibitory concentrations of AmB resulted in a potent fungicidal effect and also exhibited a significantly extended post-antifungal effect. Furthermore, the combination also reduced the minimum biofilm reduction concentration values of AmB (2-16-fold) in preformed biofilms of Candida albicans, Cryptococcus neoformans and Aspergillus fumigatus. There was decreased viability of the cells, increased uptake of propidium iodide and enhanced leakage of 260 nm-absorbing material by Candida albicans cells when exposed to AmB in the presence of acteoside. The reason for potentiation is likely to be that the subinhibitory concentrations of AmB facilitated the uptake of acteoside, which resulted in increased killing of the fungal cells. Administration of acteoside in mice at up to 2000 mg (kg body weight) "1 by the intraperitoneal or oral route produced no overt toxicity. The data presented here support synergism between acteoside and AmB, and it is therefore proposed that a prospective new management strategy for therapeutic application of this combination should be explored.
INTRODUCTION
Invasive fungal infections have emerged as a major cause of morbidity and mortality in severely immunocompromised patients such as those undergoing chemotherapy or haematopoietic stem cell transplantation (Richardson, 2005) . Candida species, Aspergillus species and Cryptococcus neoformans are among the most common aetiological agents of fungal infections (Pierce et al., 2008) . Patients at risk of these invasive fungal infections are also at risk of developing other opportunistic infections, for which a wide range of non-antifungal therapeutic agents are used for prophylactic and therapeutic purposes concomitantly with antifungal agents (Marchetti et al., 2000; Afeltra & Verweij, 2003; Antoniadou & Giamarellou, 2007; Stergiopoulou et al., 2009) . The economic cost of fungal infection and its associated mortality, especially in debilitated and highinvestment patients, remains unacceptably high (Wilson et al., 2002) . Unfortunately, despite important new additions to the antifungal formulary such as third-generation broader-spectrum azoles and the more expensive echinocandins, as well as lipid formulations of amphotericin B (AmB), in recent years, invasive fungal infections continue to be associated with mortality rates between 20 % and nearly 100 %, depending on the infecting organism and the underlying condition of the patient (Nucci & Perfect, 2008) .
AmB, a polyene macrolide antifungal antibiotic produced by Streptomyces nodosus, has been the 'gold standard' since its introduction in the 1950s for the treatment of invasive fungal infections. The classical and most frequently used formulation of this drug is AmB deoxycholate. However, it is associated with significant toxicity, including infusion-related events, such as chills, fever, headache, nausea and vomiting, and dose-limiting nephrotoxicity (Ostrosky-Zeichner et al., 2003) . Newer lipid formulations of AmB with fewer adverse effects and activities similar to that of AmB deoxycholate have become available, but their high costs greatly limit their clinical use, especially in developing countries (Mariné et al., 2008) . In the search for more effective chemotherapeutic approaches for treating invasive fungal infections, combination therapy is an important strategy, as synergistic interactions can potentially increase antifungal efficacy, reduce toxicity, provide a faster cure, prevent the emergence of resistance and provide broader-spectrum antifungal activity than monotherapy regimens (Marr et al., 2004) .
In this regard, natural products are attractive prototypes in the search for new entities of plant origin that either have broad-spectrum antifungal activities or are modulators of the currently available antifungal agents; thus, these entities are focused mainly on a reduction in toxicity, enhancement of bioavailability, improvement of the antifungal spectrum and counteraction of resistance of existing drugs (Newman & Cragg, 2007; Zhang et al., 2007; Hemaiswarya et al., 2008) . There are several reports in the literature where natural products have demonstrated enhancement of antimicrobial activity (Khan et al., 2006; Stavri et al., 2007; Werle, 2008; Kumar et al., 2008; Lechner et al., 2008; Sharma et al., 2010) . However, the number of natural compounds behaving synergistically with antifungals is minimal. This could be due to a limited understanding of the mechanism of action of drugs against these organisms or insufficient screening of natural compounds (Hemaiswarya et al., 2008) .
Colebrookea oppositifolia (Lamiaceae) is a densely woolly shrub, distributed mostly in subtropical regions of the world such as India (CSIR, 1956) and China (Yang et al., 1996) , and has been used extensively for the preparation of traditional herbal remedies for the treatment of fractures, traumatic injuries and rheumatoid arthritis (Chopra et al., 1956; Yang et al., 1996) .The leaves of this plant are applied to wounds and bruises, and are used to relieve fever and headaches (Chopra et al., 1956) . The juice of the young inflorescence is given to treat gastric problems and is also used in the nose for sinusitis (Malla & Chhetri, 2009) . A number of flavones and glycosides of flavones have been reported from the bark of this plant (Yang et al., 1996) . Acteoside (verbascoside) (Fig. 1) is a phenylethanoid glycoside belonging to the group of watersoluble polyphenolic compounds, which are widely distributed in the plant kingdom and have been studied extensively for their various pharmacological activities such as hepatoprotective (Qazi et al., 2006), anti-inflammatory, antioxidant, antitumour, immunomodulatory, anti-nephritic, antiproliferative, antinociceptive, antimetastastic, antispasmodic, antibacterial, antiviral, neuroprotective, vasorelaxant and analgesic activities, improving sexual function, a sedative effect and strong radical scavenger activity (Díaz et al., 2004; Wu et al., 2007; Li et al., 2008) .
Bearing in mind the excellent biological profile of acteoside and as a part of our ongoing anti-infective research programme for potentiators of antimicrobial drugs, we studied the potentiating effect of acteoside with AmB in in vitro combination studies against opportunistic fungal pathogens. In addition, we evaluated its acute toxicological effect in mice.
METHODS
Extraction and isolation of acteoside from the aerial parts of Colebrookea oppositifolia. Shade-dried aerial parts of plant material of Colebrookea oppositifolia (500 g) were extracted four times in 50 % aqueous ethanol (462.5 l) for 14 h each. The resulting extracts were pooled, filtered through muslin cloth, centrifuged and concentrated under reduced pressure at a temperature of 50±5 uC on a film evaporator. This concentrated extract was extracted three times with butanol in a separating funnel. The resulting butanol fractions were combined and concentrated under reduced pressure to yield a residue (90 g) containing 18 % acteoside. The residue was subjected to adsorption chromatography using a silica gel column (200 g; 100-200 mesh filter; 6063.2 cm; Loba Chemie). The column was eluted with solvents by gradually increasing the percentage of methanol in chloroform. A total of 105 fractions of 100 ml each were collected and pooled on the basis of thin-layer chromatography patterns checked using ethyl acetate/HCOOH/H 2 O (8 : 1 : 1, by vol.) as the mobile phase. Spots were visualized by spraying with freshly prepared borinate/polyethylene glycol 4000 solution [1 % solution of 2-aminoethyl diphenylborinate in methanol and 5 % solution of polyethylene glycol 4000 in ethanol, mixed 1 : 1 (v/v) before spraying]. The CHCl 3 /methanol (5 : 1, v/v) elute was rechromatographed on a silica gel column using CHCl 3 /methanol/H 2 O (6 : 1 : 0.1, by vol.) as solvent. The fractions that were homogeneous on thin-layer chromatography were pooled, dried and charged on a Sephadex LH-20 column and eluted with methanol to produce two fractions of (Fig. 1a) .
The purity of the acteoside was established using a Waters HPLC system on a Merck RP-18 column at 30 uC. The product was detected using a photodiode array detector at 335 nm. The mobile phase consisting of acetonitrile/water and 1.5 % acetic acid (17 : 83) was delivered at a flow rate of 1 ml min 21 (Fig. 1b) .
Fluorochrome dye. Propidium iodide (PI; Sigma), a small cationic, nucleic acid-binding fluorochrome largely excluded by intact cell membranes, was used to stain the yeast cells (Green et al., 1994) . Sodium deoxycholate (Sigma), an anionic detergent, was used to facilitate diffusion of PI into the yeast cell membranes that were damaged by the antifungal agent (Joung et al., 2007) . The clinical isolates were obtained as a kind gift from Acharya Shri Chander (College of Medical Sciences, Sidhra, Jammu, India). The working strains were maintained on potato dextrose agar (PDA; Difco) slants at 4 uC and were subcultured twice prior to testing to ensure viability and purity.
Chequerboard antifungal susceptibility assay. The MIC of AmB was determined for yeast and Aspergillus species in the absence and presence of increasing concentrations of acteoside by a twodimensional chequerboard microbroth dilution method using twofold serial dilutions (Eliopoulus & Moellering, 1996) , following the Clinical and Laboratory Standards Institute guidelines (CLSI, 2008a, b) . Antibiotic medium 3 (also known as Penassay broth; Difco) buffered to pH 7.0 was used as a test medium. Stock solutions of AmB (Sigma) and acteoside were prepared in 100 % DMSO (Sigma), with a final DMSO concentration of 1 % (v/v). Ten serial twofold dilutions of AmB were prepared in medium in amounts of 50 ml per well in 96-well U-bottomed microtitre plates (Tarsons) to yield four times the final concentration required for testing, which ranged from 4 to 0.0078 mg ml -1 . Seven serial twofold dilutions of acteoside were prepared separately in medium in microcentrifuge tubes to obtain four times the final concentration, ranging from 12.5 to 0.195 mg ml -1 . Fifty microlitres of each acteoside concentration and its drug-free control was combined with 50 ml of each concentration of AmB and its drug-free control in order to obtain a 1268 chequerboard in 96-well U-bottomed microtitre plates. Stock inoculum suspensions of the yeasts and Aspergillus species were prepared in normal sterile saline containing 0.05 % polysorbate 20 (HiMedia Laboratories) from 24 h (48 h for Cryptococcus neoformans) and 7 day cultures, respectively, grown on PDA at 35 uC (CLSI, 2008a, b) . Inocula were verified for each assay by plating onto PDA plates for colony enumeration. These fungal suspensions were further diluted in Penassay broth and a 100 ml volume of this diluted inoculum was added to each well of the plate, resulting in a final inoculum concentration of 0.5610 4 -2.5610 4 c.f.u. ml -1 for yeasts (Pfaller et al., 2004) and 0.4610 4 -5610 4 c.f.u. ml -1 for Aspergillus species (CLSI, 2008b) . Growth-control, vehiclecontrol (DMSO) and sterility-control wells were included for each isolate tested. The plates were incubated at 35 uC for 48 h (72 h for Cryptococcus neoformans) and the wells were assessed visually for growth. The MIC was defined as the lowest concentration of the antifungal agent that completely prevented visible growth with respect to the growth control. The MIC of AmB was read alone and in the presence of different concentrations of acteoside. The synergistic interaction between AmB and acteoside for each strain was calculated based on the fractional inhibitory concentration (FIC) index, obtained by adding the FICs of AmB and acteoside. The FIC was calculated by dividing the MIC of the combination of AmB and acteoside by the MIC of AmB or acteoside alone (Berenbaum, 1978 ). An FIC index of ¡0.5 indicated synergistic interactions, ¢0.5-4.0 indicated no interaction and ¢4.0 indicated antagonistic interactions (Odds, 2003) . All experiments were conducted twice in duplicate on separate occasions with freshly prepared inocula and stock solutions.
Effect of acteoside on the fungicidal activities of AmB. The fungicidal effect of AmB in the presence and absence of acteoside on Candida albicans ATCC 90028, Cryptococcus neoformans ATCC 204092 and A. fumigatus MTCC 1811 was performed as described by Eliopoulus & Moellering (1996) except that Penassay broth was used. The adjusted inoculum suspension (~5610 6 c.f.u. ml
) was diluted tenfold in medium containing AmB at a concentration of 0.256MIC (0.1256MIC for Cryptococcus neoformans) and in combination with increasing concentrations of acteoside ranging from 0.78 to 12.5 mg ml -1 . AmB alone at 46MIC (26MIC for Cryptococcus neoformans) was used as a control. Culture flasks were incubated with an agitation of 200 r.p.m. at 35 uC for 24 h and the number of c.f.u. was determined on Sabouraud dextrose agar (SDA) plates with lecithin and polysorbate 80 (Becton Dickinson) using a serial dilution method. Plates were then incubated at 35 uC for 24-48 h (72 h for Cryptococcus neoformans). The lower limit of accurate and reproducible detectable colony counts was 10 c.f.u. ml -1
. Synergy was defined as a 100-fold or greater decrease in colony count at 24 h by the combination of agents with reference to the starting inoculum and also when compared with the most active single agent (Hemaiswarya et al., 2008) . All experiments were conducted in duplicate three times on separate occasions.
Post-antifungal effect (PAFE) of the combination of AmB and acteoside. The PAFE of AmB in the presence and absence of acteoside on Candida albicans ATCC 90028, and Cryptococcus neoformans ATCC 204092 was performed as described by Craig & Gudmundsson (1996) except that Penassay broth was used. One millilitre of the adjusted inoculum suspension (~5610 7 c.f.u. ml -1 ) was added to 9 ml Penassay broth medium with or without AmB alone and in combination with acteoside at a concentration of 3.12 mg ml -1 , providing the starting inoculum of~5610 6 c.f.u. ml -1 . The AmB was tested at a concentration of 0.06 mg ml -1 (0.256MIC) for Candida albicans and 0.12 mg ml -1 (0.1256MIC) for Cryptococcus neoformans. After 2 h of exposure at 35 uC with agitation at 200 r.p.m., the samples were diluted 1 : 1000 in pre-warmed medium to effectively remove the AmB and acteoside. The diluted cultures were then incubated with agitation and sampling was carried out after 0, 2, 4, 6, 8, 10, 12, 16, 20, 24, 30 and 48 h for c.f.u. enumeration. The c.f.u. counts were determined as described above for fungicidal activities. The PAFE was calculated using the following equation: PAFE5T-C, where T represents the time required for the count in the test culture to increase by 1 log 10 c.f.u. ml -1 above the count observed immediately after drug removal and C represents the time required for the count of the untreated control flask to increase by 1 log 10 c.f.u. ml -1 . Experiments were performed twice in duplicate.
Inhibitory effect of a combination of AmB and acteoside on preformed fungal biofilms Strains, growth conditions and inoculum. Candida albicans ATCC 90028, Cryptococcus neoformans ATCC 204092 and A. fumigatus MTCC 1811 were used for fungal biofilm formation. A stock inoculum suspension of yeasts was prepared from 24 h cultures grown in yeast peptone dextrose broth (Difco) (Pierce et al., 2008) and the cells were harvested in the late-exponential growth phase, followed by washing twice with sterile PBS (pH 7.4; Sigma), and the turbidity of the suspension was adjusted to a no. 5 McFarland standard (~5610 7 c.f.u. ml -1 for Candida albicans and~2610 8 c.f.u. ml -1 for Cryptococcus neoformans). In the case of A. fumigatus, conidia were harvested for each experiment from fresh, mature (3-5 day) cultures grown on PDA slants by flooding the surface of the slants with 3 ml normal sterile saline containing 0.05 % polysorbate 20 and gently probing the surface with the tip of a Pasteur pipette. The resulting mixture of conidia and hyphal fragments was withdrawn and transferred to a sterile tube. This suspension was transferred to a sterile syringe attached to a sterile filter with a pore diameter of 11 mm (Millipore), filtered and collected in a sterile tube. The density of the suspension was adjusted to 1610 6 -5610 6 c.f.u. ml -1 . Each suspension was quantified by plating on PDA plates and the standardized suspension was used immediately.
Minimum biofilm reduction concentration (MBRC). The effect of a combination of AmB and acteoside on preformed biofilms was examined by a two-dimensional chequerboard broth microdilution method (Eliopoulus & Moellering, 1996) , as described previously (Pierce et al., 2008) . The adjusted fungal suspensions were diluted further to a final density of~1610 6 c.f.u. ml -1 for Candida albicans and~1610 7 c.f.u. ml -1 for A. fumigatus in RPMI 1640 containing Lglutamine without sodium bicarbonate and buffered to pH 7.0 with 0.165 M morpholinepropanesulfonic acid (both from Sigma) (CLSI, 2008a, b) , whilst for Cryptococcus neoformans,~1610 7 c.f.u. ml -1 was used in Dulbecco's modified Eagle's medium (Sigma) (Pierce et al., 2008) . A 200 ml (100 ml for Candida albicans) volume of these suspensions was inoculated into selected wells of a 96-well flatbottomed polystyrene microtitre plate (Nunc). After incubation at 35 uC for 24 h (48 h for Cryptococcus neoformans), the culture supernatant from each well was decanted and the planktonic cells were removed by washing the wells with PBS. Twofold serial dilutions of AmB (32-0.03 mg ml -1 ) and acteoside (25-6.25 mg ml -1 ) were prepared in Penassay broth to yield twice the final concentration required for testing and a 100 ml aliquot of each dilution from both the agents were added to the selected wells containing the biofilm. The plate was further incubated at 35 uC for 24 h. In this assay, medium without the agents was used as the non-treated control and medium alone as the blank control (four wells of each microtitre plate). After incubation, the plates were decanted and washed three times with 200 ml sterile PBS to remove loosely adherent cells. The biofilm reduction was quantified using an XTT reduction assay as described below. The experiment was performed three times with two replicates on separate occasions.
Measurement of biofilm metabolic activity by XTT reduction assay.
A semi-quantitative measurement of biofilm was obtained using an XTT [tetrazolium salt; sodium 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; Sigma) reduction assay, performed by the method of Pierce et al. (2008) . Briefly, XTT solution was prepared in PBS (0.5 mg ml 21 ), filter sterilized through a 0.22 mm filter (Millipore) and stored at -80 uC until required. Prior to each assay, menadione solution (10 mM prepared in acetone; Sigma) was filtered and mixed with XTT solution (thawed) at a final concentration of 1 mM for Candida albicans and 10 mM for Cryptococcus neoformans and A. fumigatus. XTT/menadione solution (100 ml) was added to each of the pre-washed wells and the plates were incubated in the dark for 2-3 h at 35 uC. Following incubation, 75 ml of the solution was transferred to a fresh microtitre plate and the colour change in the solution was measured spectrophometrically at 490 nm using a microtitre plate reader (Multiskan Spectrum; Thermo Scientific).
Cell viability assay of AmB and acteoside combination. The viability of Candida albicans ATCC 90028 following treatment with AmB in the presence and absence of acteoside was determined by a serial dilution method as described above for the fungicidal activities of AmB, with some modification. A cell suspension of Candida albicans in sterile MilliQ water (1 ml,~5610 7 c.f.u. ml -1 ) was exposed to a subinhibitory concentration of AmB (0.25 mg ml -1 ) alone and in combination with a fixed concentration of acteoside (25 mg ml -1 ) for 120 min under agitation in a dark chamber at 35 uC. AmB was also tested alone at a concentration of 4.0 mg ml -1 . After exposure, the samples were serially diluted in sterile normal saline containing 0.1 % polysorbate 80 (Sigma) for the inactivation of AmB. A 100 ml aliquot was plated onto SDA plates containing lecithin and polysorbate 80. Colonies were counted after 48 h incubation at 35 uC and the viable cell number was reported as c.f.u. ml 21 .
PI uptake assay for AmB in combination with acteoside. The disruptive effect of AmB in the presence and absence of acteoside on Candida albicans ATCC 90028 cell membranes was assessed by AmBmediated PI uptake. Cell suspensions of Candida albicans in sterile MilliQ water (1 ml,~5610 7 c.f.u. ml -1 ) were incubated with a subinhibitory concentration of AmB (0.25 mg ml -1 ) alone and in combination with a fixed concentration of acteoside (25 mg ml -1 ) for 120 min under agitation in a dark chamber at 35 uC. Ten minutes prior to the completion of incubation, 10 ml each of PI and sodium deoxycholate solution was added at final concentrations of 25 mg ml -1 and 2.5 mg ml -1 , respectively (Green et al., 1994; Joung et al., 2007) . AmB was also tested alone at a concentration of 4.0 mg ml -1 . Cells without AmB and acteoside served as the negative (growth) control and were treated in a similar fashion. After incubation, 50 ml was transferred to a fluorescence-activated cell sorting tube (Becton Dickinson) containing 950 ml sterile MilliQ water. Each tube was analysed using a FACSCalibur (Becton Dickinson) with CellQuest Pro software for data acquisition and analysis. Each experiment was conducted three times in duplicate on separate occasions.
Leakage of 260 nm-absorbing material on exposure to AmB in combination with acteoside. Exponentially growing cells of Candida albicans ATCC 90028 (~5610 7 c.f.u. ml -1 ) were suspended in sterile MilliQ water and exposed to a subinhibitory concentration of AmB (0.25 mg ml -1 ) alone and in combination with a fixed concentration of acteoside (25 mg ml -1 ) for 120 min at 35 uC with agitation at 100 r.p.m. in a dark chamber. After centrifugation (17 968 g at 4 uC for 10 min), the absorbance of the supernatants was read in a UV spectrophotometer (Specord UV-250; Analytic Jena AG) at 260 nm. Cells exposed to AmB at a concentration of 4 mg ml -1 followed by sonication with a probe sonicator (six cycles of 1 min each) served as the positive control. The unexposed cell suspension was used as a negative control. The experiment was conducted twice in duplicate on separate occasions.
Acute toxicity studies of acteoside. The maximum tolerable dose of acteoside was determined intraperitoneally and orally. The acute toxicity studies were carried out following the Organization for Economic Co-operation and Development guidelines (OECD, 2006) after approval from the Institutional Animal Ethics Committee (IAEC study no. SSP-0408, March 2009). Swiss albino mice 6-8 weeks old with a body weight of 22-30 g in groups of ten mice of both sexes were used, obtained from the institute's animal house. All animals were housed in standard-sized polycarbonate cages with controlled conditions of temperature (23±1 uC) and humidity (55±10 %) and a 12 : 12 h light : dark cycle; they were fed a standard pellet diet (Gold Muhor; Lipton India) and filtered water was provided ad libitum. A stock solution of acteoside was prepared in 10 % ethanol (Merck) prior to the experiment and administered to overnight-fasted mice intraperitoneally or orally with a single-bolus dose in the range of 100-2000 mg (kg body weight)
21
. The mice were administered different doses of the test compound and observed individually after dosing at least once during the first 30 min and periodically for the first 24 h. Experiments were performed three times on separate occasions Statistical analysis. All experiments were repeated two or three times with two replicates for each condition tested and similar results were obtained on all occasions. The results are expressed as the mean±SD, and statistical analysis was carried out using Student's ttest and one-way analysis of variance (Dunnett's multiple comparison test), using Excel 2003 (Microsoft). P,0.05 was considered to be statistically significant.
RESULTS

Evaluation of acteoside for potentiation of AmB activity using a chequerboard assay
The MIC of AmB was measured in the absence and presence of increasing concentrations of acteoside (0.195-12.5 mg ml -1 ) against six reference strains of yeasts and four reference strains of Aspergillus species (all clinically significant fungal pathogens) using a two-dimensional chequerboard microbroth dilution method. Acteoside on its own did not show any antifungal activity when tested at concentrations up to 1000 mg ml -1 . However, interestingly, it showed a potent synergism in combination with AmB against all tested fungal species, with FIC indices in the range of 0.0312-0.1562 (Table 1 ). The FIC of AmB when combined with acteoside ranged from 0.0156 to 0.125 for yeasts (8-64-fold reduction in AmB MIC) and was 0.125 for Aspergillus species (eightfold reduction in AmB MIC). A more prominent synergistic interaction between AmB and acteoside was observed for Cryptococcus neoformans (FIC index 0.0312: 64-fold reduction in AmB MIC), among all the fungal species tested. DMSO (1 %, vehicle control) had no inhibitory effect on the growth of the tested fungal species when compared with the growth control.
Effect of acteoside on the fungicidal activities of AmB
The fungicidal effect of the combination of AmB with acteoside was assessed on Candida albicans ATCC 90028, A. fumigatus MTCC 1811 and Cryptococcus neoformans ATCC 204092. AmB was used at a concentration of 0.256MIC (0.1256MIC for Cryptococcus neoformans), as well as in combination with increasing concentrations of acteoside ranging from 0.78 to 12.5 mg ml -1 . As expected, AmB alone at these concentrations did not show any inhibitory activity, whilst the fungicidal activity (99.9 % kill) was achieved at 46MIC (26MIC for Cryptococcus neoformans) in 24 h when compared with the growth Table 1 . In vitro synergic effect of acteoside (AS) on the activity of amphotericin B (AmB) against ten reference strains of selected fungi as determined by the chequerboard broth microdilution method following CLSI guidelines by using antibiotic medium 3 (Penassay broth)
The MIC (minimum inhibitory concentration) of Candida species was determined by using higher range of inoculum (Pfaller et al., 2004) . Three clinical isolates of each species were also tested and no statistically significant changes were observed (data not shown control (P,0.001). However, the same subinhibitory concentrations of AmB resulted in fungicidal activity when tested in combination with acteoside at concentrations of 0.78-12.5 mg ml -1 for 24 h (Fig. 2) . The fungicidal activity of the combination was equivalent to the fungicidal activity of AmB alone at 46MIC (26MIC for Cryptococcus neoformans) when compared with the growth control (P,0.05). Regrowth of fungi was also determined in all the treated groups that showed a fungicidal effect below the detection limit of 10 c.f.u. ml -1 . It was also observed that the killing effect of this combination was concentration dependent as well as species dependent. Moreover, measurements of untreated conidia of A. fumigatus over time could not be defined accurately because of clumping and the formation of a mycelium, whilst conidia grown in the presence of acteoside did not undergo clumping and were amenable to plating and counting of colonies. The surviving cells from each experiment recovered after 24 h were again tested for their AmB and/or acteoside susceptibility. These cells exhibited the same AmB MIC (0.25-1 mg ml -1 ) and exhibited a similar reduction in AmB MIC in the presence of acteoside using the chequerboard technique, with the above-mentioned strains as controls (data not shown).
PAFE studies
The PAFE of AmB alone and in combination with acteoside was determined against Candida albicans ATCC 90028 and Cryptococcus neoformans ATCC 204092. AmB alone exhibited a PAFE of 1.84±0.3 h for Candida albicans at a concentration of 0.256 MIC (0.06 mg ml for Candida albicans, and 0.25 and 16 mg ml -1 for A. fumigatus, respectively; these values were reduced by 2-16-fold in combination with increasing concentrations of acteoside (6.25-25 mg ml -1 ).
Effect of combination of AmB and acteoside on cell viability
A cell viability assay (determined by c.f.u. count) revealed the extent to which the treated cells of Candida albicans ATCC 90028 were able to survive when removed from exposure to AmB in the presence or absence of acteoside (Fig. 3a) . A 120 min exposure of cells to a subinhibitory concentration of AmB (0.25 mg ml -1 ) exhibited a negligible loss in cell viability (~1 %), whereas the same concentration of AmB in combination with a fixed concentration of acteoside (25 mg ml -1 ) resulted in a ¢90 % decrease in viability with respect to untreated cells (P,0.05). AmB alone was found to be effective at a concentration of 4.0 mg ml -1 and produced ¢99.9 % loss of cell viability when compared with the growth control (P,0.005).
Effect of combination of AmB and acteoside on membrane permeability PI uptake assay. PI is a small, cationic, membraneimpermeable, fluorescent nucleic acid stain that binds to DNA by intercalating between the bases with little or no sequence preference. Flow cytometric analysis revealed that exposure of a cell suspension of Candida albicans ATCC 90028 to a subinhibitory concentration of AmB (0.25 mg ml -1 ) did not increase the cell permeability to PI, whereas the same concentration of AmB in combination with a fixed concentration of acteoside (25 mg ml -1 ) increased the cell permeability to PI due to disruption of membrane integrity. This resulted in an increase in fluorescence in comparison with the untreated control (Fig. 3b) .
Leakage of 260 nm-absorbing material. The loss of membrane integrity of the cell suspension of Candida albicans ATCC 90028 was further confirmed by detection of leakage of 260 nm-absorbing material. The cell suspension exposed to the combination of AmB (0.25 mg ml -1 ) and acteoside (25 mg ml -1 ) resulted in increased release of 260 nm-absorbing material, which was comparable to that of AmB alone at a concentration of 4.0 mg ml -1 when both were compared with the growth control (P,0.001). AmB alone at 0.25 mg ml -1 showed insignificant leakage of 260 nm-absorbing material (Fig. 4) .
Acute toxicity studies of acteoside
Toxicity studies were performed to determine the maximum tolerable dose of acteoside after administration of a single-bolus dose ranging from 100 to 2000 mg (kg body weight) 21 by the oral or intraperitoneal route to overnightfasted Swiss albino mice (n510). No adverse pathological symptoms or mortality were observed in the treated animals, and there was no change in general behaviour, when compared with the vehicle-treated group. No death was recorded in the 14 days of the observation period in male or female animals given acteoside at 2000 mg kg 21 either orally or intraperitoneally. The animals did not show any changes in general behaviour or other physiological activities during the observation period.
DISCUSSION
Acteoside has been studied extensively for its various pharmacological activities. Here, for the first time, we have documented the synergistic activity of AmB with acteoside, which had no intrinsic antifungal activity (¢1000 mg ml -1 ). The data demonstrated that acteoside significantly reduced the inhibitory concentration of AmB against clinically important fungal pathogens (Cryptococcus neoformans, Biofilms formed in 96-well microtitre plates were quantified using an XTT reduction assay at an absorbance of 490 nm. The results shown are from one of three separate experiments with two replicates; similar results were observed each time. The MIC for biofilms is based on the lowest drug concentration producing 50 and 80 % or more reduction in metabolic activity of the entire cellular population relative to the metabolic activity of the untreated growth control, as measured by the XTT reduction assay.
Tested species
Tested concn of AS (mg ml -1 )
MBRC ( Candida species and Aspergillus species) as determined by a chequerboard technique. Furthermore, a combination of subinhibitory concentrations of AmB with acteoside exhibited fungicidal activity. This synergistic fungicidal effect was more prominent for Cryptococcus neoformans than for Candida albicans and A. fumigatus. It was also observed that these synergistic fungicidal effects of AmB in combination with acteoside against various other species of fungi were concentration dependent as well as species dependent. In each case, the values of these combinations for the reference strain and clinical isolate showed no significant difference when compared with each other (unpublished data). The combination of AmB and acteoside could effectively reduce the levels of preformed biofilms of Cryptococcus neoformans, Candida albicans and A. fumigatus. However, AmB alone or in combination with acteoside did not exhibit .90 % reduction or complete killing (sterility) of the biofilms up to the highest tested concentration of AmB, which was 32 mg ml -1 in the present study. This observation regarding the activity of AmB against these strains was in agreement with the findings of Ramage et al. (2001) , Martinez & Casadevall (2006) and Mowat et al. (2007) . Biofilm-associated micro-organisms are refractory to both antimicrobial agents and the host immune response. Even the newer antifungal agents, such as echinocandins and liposomal formulations of AmB, have not been able to Fig. 3 . Effect of AmB in the presence or absence of acteoside (AS) on reduction in cell viability (a) and uptake of PI (b) in a cell suspension of Candida albicans ATCC 90028. Cells (~5¾10 7 c.f.u. ml -1 ) were exposed to a subinhibitory concentration of AmB (0.25 mg ml -1 ) alone and in combination with a fixed concentration of AS (25 mg ml -1 ) for 120 min at 35 6C. AmB was also tested alone at a concentration of 4 mg ml -1 as the positive control, whilst cells without AmB and AS served as a negative (growth) control. The results of three separate experiments with two replicates are represented (means±SD in a) and similar results were observed each time. *, P,0.05; **, P,0.005 (Student's t-test compared with the growth control).
demonstrate complete eradication of sessile organisms within mature biofilms (Shuford et al., 2007; Pierce et al., 2008; Ferreira et al., 2009) .
AmB binds to ergosterol, one of the cell membrane sterols, and damages the cell membrane directly, leading to fungicidal activity. Acteoside potentiated the membranedisruption activity of AmB, as the combination of a subinhibitory concentration of AmB with acteoside produced loss of cell viability, whereas the same concentrations of AmB and acteoside, when tested individually, did not cause any loss in cell viability. Flow-cytometric analysis of the combination-treated cells revealed enhanced uptake of PI from these cells, indicating that the decrease in viability was accompanied by an increase in cell membrane permeability. Sodium deoxycholate, an anionic detergent, was used in this study, as it is reported to enhance the diffusion of PI across the cell wall to pass through the damaged yeast cell membranes (Ramani et al., 1997; Joung et al., 2007) . Sodium deoxycholate alone is non-toxic to Candida albicans, as growth controls do not show dye uptake in the presence of deoxycholate (Ramani et al., 1997) . We also found that PI uptake did not correlate completely with cell death. This was more prominent in the case of AmB. A 120 min exposure of AmB at a concentration of 4.0 mg ml -1 resulted in ¢99.9 % killing (c.f.u. count below the detection limit of 10 c.f.u. ml -1 ) in Candida albicans, whereas the corresponding PI uptake in this group was 65.84 %. Similar observations with AmB have also been reported by Green et al. (1994) , who demonstrated that .90 % of the cells were killed after 3 h of incubation in AmB at a concentration of approximately 56MIC, but that only 30-40 % of the yeast cells had incorporated PI into their nucleic acids. Cox et al. (2001) also observed similar results with tea tree oil, in which only 54 % of Candida albicans cells were permeable to PI after exposure to the oil in spite of an 84 % reduction in viability. In this study, we were unable to pinpoint the exact mechanism of action of this combination and can only speculate. Acteoside is reported to be a potent antioxidant (Li et al., 2008; Saxena et al., 2010) . The subinhibitory concentration of AmB probably enhanced the cellular uptake of acteoside and, once inside the cell, this compound may have inhibited one or more physiological or biochemical process. Similar observations were made by Andrews et al. (1977) and Beggs et al. (1978) , who found a synergistic action of AmB and antioxidants. They also speculated that antioxidants protect AmB from autooxidation, thereby decreasing the rate of spontaneous inactivation and prolonging its biological activity. We believe that the same observation may also be true for our study.
Acteoside alone did not show any acute toxic effect up to a concentration of 2000 mg kg 21 by the oral or intraperitoneal route. The cytotoxicity profile of this compound has been determined using a polymorphonuclear leukocyte viability test in Wistar rats and no cytotoxic effect was observed when tested at concentrations up to 1000 mg ml -1 . The present results showed that acteoside is probably safe for acute use in vivo. Acteoside is a glycoside, and these classes of compounds undergo rapid deglycosylation, thereby decreasing their bioavailability. Intravenous administration of acteoside (3 mg kg -1 ) in rats showed an impressive C max (maximum concentration of acteoside in the plasma) of~48.6 mg ml -1 but a short halflife of 10.7 min (Wu et al., 2006) . We are of the opinion that, using a suitable formulation approach, the problem of the short half-life of this compound should be addressed and the combination should be tested for in vivo efficacy.
In conclusion, our in vitro data indicate that acteoside shows a potent synergistic fungicidal effect when combined with AmB against clinically significant fungal species. Such combinations may have translational value in the development of more efficacious and safe drugs for fungal infections. alone and in combination with a fixed concentration of AS (25 mg ml -1 ) for 120 min at 35 6C. Treatment with AmB at a concentration of 4 mg ml -1 followed by sonication was used as a positive control, whilst cells without AmB and AS served as a negative (growth) control. The means±SD of two separate experiments with two replicates are represented and similar results were observed each time. P,0.001 (Student's t-test) was considered to be statistically significant when compared with the growth control.
